Objective: Currently, the only approved standard Duchenne muscular dystrophy (DMD) treatment in Japan is oral steroids, which have various disadvantages. Previous work has suggested that hematopoietic-type prostaglandin D synthase (HPGDS), involved in production of the inflammatory mediator prostaglandin D 2 (PGD 2 ), might have a role in DMD pathology. We therefore investigated the safety, pharmacokinetics (PK), and pharmacodynamics of a highly selective HPGDS inhibitor (TAS-205) in Japanese patients with genetically confirmed DMD. Methods: This was a double-blind, randomized, placebo-controlled phase I study to evaluate the use of single or 7-day repeated doses of TAS-205 administered orally. The urinary excretion of PGD 2 metabolites was also assessed. Results: The PK analysis set included 15 and 14 patients in the single-and repeated-dose periods, respectively; the pharmacodynamics set and the safety set included 21 and 19 patients in each period, respectively. The PK of TAS-205 were linear in the dose range studied (1.67-13.33 mg/kg/dose) and the plasma concentration of TAS-205 reached steady state by Day 4. TAS-205 dose-dependently decreased the urinary excretion of tetranor-prostaglandin D metabolite at each measurement time point and did not affect the urinary excretion of tetranorprostaglandin E metabolite. No clinically significant adverse events were reported after TAS-205 single or repeated administration. Interpretation: We confirmed the safety and tolerability of TAS-205 in this study. TAS-205 decreased the total urinary excretion of PGD 2 metabolites in a dose-dependent manner, suggesting that TAS-205 might be a therapeutic option to treat DMD patients.
Introduction
Duchenne muscular dystrophy (DMD), an X-linked muscular disease with an incidence of~1 in 3500 male births worldwide, is caused by mutations in the dystrophin gene. The loss of dystrophin in muscle fibers leads to myonecrosis, progressive muscle weakness, and, finally, the inability to walk at around 10 years of age. [1] [2] [3] The exact mechanisms involved in disease development and progression are poorly understood, but there is evidence that aberrant inflammatory and immune responses play a role in DMD. 3 DMD is fatal, and no complete cure is available. The only approved standard DMD treatment in Japan is oral steroids, which slow disease development 4 ; however, the disadvantages of steroid-associated adverse events (AEs) may lead to dose reduction, change in regimen, and dose suspension. Therefore, new treatments for DMD with better safety and efficacy profiles than steroids are required. Hematopoietic-type prostaglandin D synthase (HPGDS), involved in the production of the inflammatory mediator prostaglandin D 2 (PGD 2 ), is present in myonecrotic areas in DMD patients. 5, 6 HQL-79, an HPGDS-specific inhibitor, significantly reduced necrotic muscle volume and the expression of inflammatory markers in two mouse models of muscle necrosis, suggesting the potential role of PGD 2 and HPGDS in the pathology of DMD. 7 A study of DMD patients aged 4-15 years reported increased urinary concentrations of tetranor-prostaglandin D metabolite (t-PGDM) in DMD patients aged ≥8 years, suggesting the potential role of PGD 2 -mediated inflammation in DMD. 8 TAS-205 is a highly selective HPGDS inhibitor. The administration of TAS-205 to dystrophin-deficient mdx mice reduced muscle necrosis, recovered locomotor activity, and suppressed urinary t-PGDM concentrations. 9 We investigated the therapeutic potential of TAS-205 by evaluating its safety, pharmacokinetics (PK), and pharmacodynamics (PD) after single or 7-day repeated doses in DMD patients.
Patients and Methods

Study design
This was a double-blind, randomized, placebo-controlled, phase I, single-and repeated-dose study of TAS-205 administered as an oral tablet. The study protocol and all amendments received prior approval from the Institutional Review Board of the National Center Hospital, National Center of Neurology and Psychiatry. The study was conducted according to Good Clinical Practice guidelines, applicable local regulations, and the Declaration of Helsinki and was registered at ClinicalTrials.gov (NCT02246478).
The target population comprised male Japanese patients with DMD. The study took place from 29 September 2014, (first enrollment) to 18 June 2015, (last completed follow-up) at the National Center Hospital, National Center of Neurology and Psychiatry, Tokyo, Japan. After written informed consent was obtained from the legal guardians of all patients at the time of enrollment, all attempts were made to obtain informed assent from patients. Eligible patients were randomly assigned to the TAS-205 or placebo groups in both single-dose and repeated-dose cohorts.
The same patients received the investigational product in both the single-and repeated-dose periods. In both periods, the total number of subjects in each step will be 7: 5 subjects in the TAS-205 group and 2 subjects in the placebo group. In the former, patients were randomly assigned to receive TAS-205 in Steps 1 (1.67-3.33 mg/kg), 2 (3.33-6.67 mg/kg), and 3 (6.67-13.33 mg/kg) or placebo, which was administered within 30 min after breakfast on Day 1. These patients then proceeded to the 7-day repeated-dose period (Steps A, B, and C, respectively) ( Fig. S1 ) to receive twice daily dosing of TAS-205 or placebo, respectively. The repeated-dose cohort, therefore, consisted of patients newly enrolled to the repeated-dose group (to replace patients meeting the discontinuation criteria and retain the necessary sample size) or those switching from the single-to the repeated-dose group.
Additional details regarding study design and discontinuation criteria are provided in the Data S1.
Patients in the single-dose cohort received TAS-205 (Step 1: 1.67-3.33, Step 2: 3.33-6.67, or Step 3: 6.67-13.33 mg/kg/dose) or placebo within 30 min after breakfast. Those in the repeated-dose cohort received TAS-205 (Step A: 1.67-3.33, Step B: 3.33-6.67, or Step C: 6.67-13.33 mg/kg/dose) twice daily, within 30 min after breakfast and dinner, or placebo, on Days 1-7. Follow-up was performed on Day 8 (single dose) or Day 14 (repeated dose). Prohibited and allowed therapies are described in the Data S1.
Patients
Major inclusion criteria were male patients aged 5-15 years at the time of providing informed consent; ability to take oral tablets; weighing ≥15 kg and <75 kg; diagnosis of dystrophinopathy determined by a dystrophin genetic test or muscle pathology, for whom the diagnosis was supported by clinical symptoms or signs of DMD (proximal muscular weakness, waddling gait, Gowers' sign, and progressive ambulatory disability); and confirmed urinary t-PGDM/ creatinine (Cre) concentration ratio ≥5.0 ng/mg Cre within 14 days before enrollment.
Major exclusion criteria were forced vital capacity of <50% of the predicted value within 14 days before enrollment, patients with a left ventricular ejection fraction <50% or left ventricular fractional shortening <25% on cardiac ultrasonography performed within 14 days before enrollment, and those with any systemic allergic disease or chronic inflammatory disease.
Assessments
Safety
The incidences of AEs and adverse drug reactions (ADRs) were calculated using the Medical Dictionary for Regulatory Activities criteria and were further evaluated according to the Common Terminology Criteria for Adverse Events v4.0 (Japan Clinical Oncology Group edition). AE severity was also assessed.
For the single-dose cohort, laboratory tests, vital signs, and 12-lead electrocardiography (ECG) were assessed within 14 days before enrollment, Days 2 and 3 post-TAS-205 administration, and at follow-up. Vital signs and 12-lead ECG were also assessed on Day 1, and laboratory tests were assessed on DayÀ1.
For the repeated dose cohort, laboratory tests, vital signs, and 12-lead ECG were assessed before enrollment; on DaysÀ1, 4, and 8; and at follow-up. Additionally, vital signs and 12-lead ECG were assessed on Days 1 and 7, and vital signs alone were assessed on Days 2, 3, 5, and 6.
Pharmacokinetics
The following PK parameters were calculated for the single-dose period using plasma or urine concentrations of TAS-205 by means of non-compartmental analysis: maximum plasma concentration (C max ), time to maximum plasma concentration (t max ), area under the plasma concentration-time curve from time 0 to 48 h post-dose (AUC 0-48 ), area under the plasma concentration-time curve from time 0 to infinity (AUC 0-inf ), half-life of elimination (t 1/2 ), and urinary excretion rate. For the repeateddose cohort, C max , t max , and AUC 0-8 were calculated on Days 1 and 7.
Pharmacodynamics
The effects of TAS-205 on urinary excretion of t-PGDM and tetranor-prostaglandin E metabolite (t-PGEM) were assessed by comparisons with placebo. The following PD parameters were calculated at each sampling point for the single-and repeated-dose administration periods: t-PGDM/Cre concentration ratio, t-PGEM/Cre concentration ratio, excretion amount of t-PGDM (Ex[t-PGDM]), and excretion amount of t-PGEM (Ex[t-PGEM]). Details regarding sample collection and measurements of drug or biomarker concentrations are provided in the Data S1.
Statistical analysis
The target sample size was not statistically determined because of the rarity of the disease. The analysis set included all enrolled, randomized, and eligible patients administered TAS-205 who were included in the PK and PD evaluations. Patients administered TAS-205 were included in the safety analysis set. Summary statistics were used to assess laboratory tests, vital signs, and 12-lead ECG data using SAS Version 9.2 (SAS Institute Inc., Cary, NC, USA). Phoenix For each PD parameter, multiple comparisons were made between the placebo and TAS-205 groups. For the differences in logarithmically transformed values of PD parameters before and after administration of TAS-205, a Dunnett test was conducted with the EXSUS 8.0.0 terminal (CAC EXICARE Corporation, Tokyo, Japan) at each time point or on each day of sample collection, using the placebo group as the control group. MedCalc version 16 (MedCalc Software, Ostend, Belgium) was used to develop box plots. A P < 0.05 was considered statistically significant.
Results
Study flow
Of 21 patients enrolled, 15 were randomized to the TAS-205 group (n = 5 per step) and 6 were randomized to the placebo group (n = 2 per step) (Figs. 1-4 ). All of the enrolled patients were eligible to participate in the present study. The PK analysis set included 15 and 14 patients in the singleand repeated-dose periods; the pharmacodynamics set and the safety set included 21 (TAS-205, n = 15; placebo, n = 6) and 19 (TAS-205, n = 14; placebo, n = 5) patients in the single-and repeated-dose periods, respectively.
Patient characteristics
Patient characteristics are shown in Table 1 and Data S2. All groups (single and repeated dose) showed a similar age, weight, height, use of steroids, and ambulatory ability at all steps. DMD was diagnosed by genetic test in 16 patients, and by genetic test and muscle biopsy in 7 patients. There was no difference in patient background between the TAS-205 and placebo groups in any step of the single-or repeated-dose periods.
One patient had a protocol deviation (additional details provided in the Data S2). Therefore, no accurate PK Table 1 . Patient characteristics in the single-and repeated-dose periods by step.
Single-dose period
Step 
Repeated-dose period
Step parameter was obtained from this patient. The data from this patient were used for the PK/PD-evaluated population and PK and PD calculations, but not for the summary statistics and analysis.
Pharmacokinetics
Summary statistics of PK parameters in each step for the single-and repeated-dose groups were obtained (Table 2) . In Steps 1, 2, and 3 for the single-dose period, the median t max and mean t 1/2 were 2.00, and 7.05-8.61 h, respectively. The mean urinary excretion rate was 24.98-31.89%. There were no obvious differences among steps in these parameters. The C max /dose, AUC 0-48 /dose, and AUC 0-inf /dose in Steps 1, 2, and 3 were assessed (Fig. 5) . Additional PK results are described in the Data S2.
Pharmacodynamics
In the single-administration period, there were no significant differences in the ratios of either biomarker between TAS-205 and placebo groups. Changes in t-PGDM/Cre and t-PGEM/Cre ratios in pooled urine relative to baseline over time for the repeated-dose period were assessed ( Fig. 6A and B). Time-specific multiple comparisons with the placebo group as a control revealed that t-PGDM/Cre ratios on Day 1/Step B (P = 0.0487), Day 4/Step C (P = 0.0190), and Day 7/Step C (P = 0.0448) were significantly lower in the treatment group versus placebo (Fig. 6A) . The amounts of Ex(t-PGDM) and Ex(t-PGEM) from the repeated-dose administration period were also assessed ( Fig. 7A and B) . The time-specific multiple comparison with the placebo group as a control revealed that Ex(t-PGDM) on Day 7/
Step C was significantly lower in the treatment group versus placebo (P = 0.0299) (Fig. 7A) . The mean ratios of t-PGDM/Cre, t-PGEM/Cre, Ex (t-PGDM), and Ex(t-PGEM) relative to baseline in the placebo group and Steps A, B, and C are shown in Table 3 . A comparison of t-PGDM/Cre, Ex(t-PGDM), t-PGEM/Cre, and Ex(t-PGEM) values in pre-dosing pooled urine between ambulatory and nonambulatory patients in the single-and repeated-dose periods was obtained ( Fig. 8A and B). For both single-and repeated-dose administration periods, one-way ANOVA revealed that PGDM/Cre and PGEM/Cre in pooled urine were significantly higher in nonambulatory versus ambulatory patients.
Safety
No deaths or other serious AEs were reported. No patients were withdrawn from the study because of AEs in either dosing period. The AEs and ADRs from singleand repeated-dose administration of TAS-205 were collected (Table 4 ). In the single-dose period, blood bilirubin increased, cystatin C increased, and hyperuricemia were considered ADRs. In the repeated-dose period, none of the AEs were considered an ADR. AEs and ADRs occurred more frequently in the TAS-205 group; however, no AEs were common to all steps or increased dose-dependently in either dosing period. All AEs reported in each dosing period were resolving or resolved, and none were clinically significant.
No clinically significant abnormal changes were observed in laboratory values, 12-lead ECG, blood pressure, pulse rate, or body temperature between the TAS-205 and placebo groups in the single-or repeated-dose groups before and after administration, except for an abnormal change in body temperature in 1 of 5 patients (20.0%) in Step B in the TAS-205 group, which was associated with nasopharyngitis but was unrelated to TAS-205.
Discussion
This study evaluated the safety, tolerability, PK, and PD of TAS-205, a novel selective HPGDS inhibitor, in Japanese DMD patients. No clinically significant AEs were reported after TAS-205 single-or repeated-dose administration. No dose-dependent increase in the incidence of AEs was shown. The severity of all AEs was mild, and all were resolved. ADRs of blood bilirubin increased, cystatin C increased, and hyperuricemia were each reported in 20.0% of patients. In all cases, these values increased on Day 2 after administration, but decreased to values that were within the range standard for the site during follow-up. In the cases of elevated cystatin C and hyperuricemia, the patients had levels near or above the upper limit of the standard value at screening.
Regarding the PK analysis, the plasma concentration of TAS-205 increased with increasing dose. Based on the Table 3 . Mean ratios of t-PGDM/Cre, t-PGEM/Cre, Ex(t-PGDM), and Ex(t-PGEM) relative to baseline in the placebo group and Steps A, B, and C.
Placebo
Step A
Step B
Step C For each assessment item and group shown in the table, the mean ratio on Day 0 is 1.00. Cre, creatinine; Ex(t-PGDM), excreted t-PGDM; Ex(t-PGEM), excreted t-PGEM; t-PGDM, tetranor-prostaglandin D metabolite; t-PGEM, tetranor-prostaglandin E metabolite. results in the single-dose administration period, the C max, and AUC values of TAS-205 were dose-proportional in the dose range studied (1.67-13.33 mg/kg/dose), which demonstrates that TAS-205 followed a linear PK. In the repeated-dose administration period, the 90% CI of the geometric mean ratio of C pre on Day 7 versus Day 4 included 1 in all steps; therefore, the plasma concentration of TAS-205 reached a steady state by Day 4. Furthermore, the geometric mean ratio of C max and AUC 0-8 on in the treatment versus placebo group; the placebo group also showed a decreasing trend. This can be explained by the fact that our patients were hospitalized; thus, our results are as expected in patients who have limited mobility. In contrast, the study by Nakagawa et al. was not conducted under hospitalization; thus, we could not compare these results. 8 For the main PD analysis results, multiple comparisons indicated that, in the repeated-dose period, TAS-205 significantly decreased urinary PGDM/Cre at 3.33-6.67 and 6.67-13.33 mg/kg/dose. Furthermore, the Ex(t-PGDM) in the TAS-205 group at 6.67-13.33 mg/kg/dose was significantly lower than that of the placebo group. However, TAS-205 had no effect on either t-PGEM/Cre or Ex(t-PGEM). In the present study, PGD 2 has an inhibitory effect on muscle fiber regeneration, while prostaglandin E 2 and major prostaglandin promote muscle fiber regeneration. 10 Therefore, increased muscle fiber regeneration is achieved by selectively inhibiting PGD 2 . As TAS-205 was developed to selectively inhibit PGD 2 , it was suggested that TAS-205 would be effective in the treatment of DMD.
DMD patients progressively lose the ability to walk.
11
Consistent with a previous report, 12 the t-PGDM/Cre ratio in nonambulatory patients was significantly higher compared with that in ambulatory patients. This indicates that the t-PGDM/Cre ratio may be a surrogate biomarker for DMD progression such as gradual loss of ambulatory ability. Nakagawa et al. found no difference between DMD patients with and without steroid use when comparing the PGDM/Cre ratio in spot urine. 8 Takeshita et al. 12 used 24-hour urine and reported no effect of steroids on PGDM/Cre. However, steroids are known to inhibit prostaglandin synthase or cyclooxygenase, resulting in inhibition of prostaglandin production. 13 Taken together, the reports by Nakagawa et al. and Takeshita et al. suggest that the process of PGD 2 production may not be affected by steroids. In the present study, we confirmed the effect of TAS-205 on PGD 2 production by the significant PGDM/Cre inhibition shown in the TAS-205 group. The relationship between PGD 2 and muscle necrosis in relation to DMD pathology has been reported. 5, 6 Although, the effect of steroids on DMD pathology is unknown, 14 the effect of TAS-205 on DMD pathology may differ to that of steroids. Therefore, it was considered that the combined use of steroid and TAS-205 could be useful in DMD. The effect of steroids on the DMD pathology, besides safety and PK profile, of TAS-205 could not be investigated because all patients received combination steroid therapy; therefore this should be investigated in the future.
A limitation of this study was its small sample size, which may cause sampling errors, such as large variability of within-and between-subject values, or bias, and might affect the precision and interpretation of the results. Therefore, further studies with larger sample sizes should be performed to confirm our current findings. TAS-205 decreased the total Ex(t-PGDM) and the t-PGDM/Cre ratio in a dose-dependent manner under steroid treatment, suggesting that these factors might be effective biomarkers for the action of TAS-205 in DMD pathology. In DMD patients, Cre decreases along with decreasing muscle volume. 15 Considering that PGD 2 is generated by the muscle, it is important to correct it by muscle mass in order to evaluate patients with different muscle masses. Therefore, we used ng/mg Cre corrected by Cre to reflect the PGD 2 production volume per unit of muscle mass.
A previous study reported high PGDM/Cre values and high HPGDS immunoreactivity in myonecrosis areas of DMD patients. 6, 8 Because TAS-205 inhibits PGD 2 production, which is involved in the spread of myonecrosis, TAS-205 might delay the decline of physical function in DMD patients by selectively inhibiting HPGDS. The efficacy and safety of TAS-205 should be assessed by investigating its effects on the motor function, muscle volume, and PD of a large DMD population. Currently, a phase IIa study to evaluate the efficacy of TAS-205 in DMD is ongoing (Clinical gov: NCT02752048).
In conclusion, TAS-205 was safe and tolerable in patients with DMD when administered as single and repeated doses of 1.67-13.33 mg/kg twice daily for 7 days. The PK profile of TAS-205 was determined, including linearity and time to steady state. TAS-205 decreased the total excretion of t-PGDM and t-PGDM/Cre ratios in a dose-dependent manner. Further studies to evaluate the efficacy of TAS-205 in patients with DMD are required. Step Analyzed population: patients administered the study drugs. All AEs and ADRs were classified as mild. Data are shown as n (%). AEs, adverse events; ADRs: adverse drug reactions.
